Transgenic Bacillus thuringiensis (Bt) crops are increasingly significant in pest control, but resistance development of target pests is a major issue in the sustainable deployment of Bt crops. The fitness cost of resistance in target pests is regarded as one of the main factors delaying resistance when adopting the refuge strategy. In this study, we compared the life-history traits of three independent sets of Helicoverpa armigera (Hü bner, 1809) adults, of each there were a susceptible population and a Cry1Ac-resistant population derived by selection from it. Confirming to the previous studies, resistant individuals exhibited fewer progeny, less fecundity, lower egg hatching rate, and longer adult longevity. And poor fecundity in resistant strains was associated with the decline of the mature follicular amount, the ovarian weight ratio, and the length of the longest ovarian tubule. Interestingly, the juvenile hormone (JH) level appeared higher in resistant strains relative to susceptible strains. Application of methoprene (JH analogue) in vivo was effective in reducing fecundity and hatchability with the up-regulation of detected JH titer. These results suggested that resistance against Bt toxin reduced the reproductive capacity of H. armigera, and JH level is affected in the tradeoff between reproductive capacity and Bt resistance.
Transgenic crops expressing Bacillus thuringiensis (Bt) Cry toxins have become an important tool in pest management, effectively controlling target lepidopteran pests (Naranjo 2011 , Sanahuja et al. 2011 . Global cultivation of Bt crops has quickly increased to 181.5 million hectares in 2014 (James 2014) . The benefits of Bt crops include the regional pest suppression, a decreased need for chemical insecticides, the conservation of beneficial natural enemies, safety to most nontarget organisms, increased yield, and higher farmer profits , Mendelsohn et al. 2003 , Carpenter 2010 , Hutchison et al. 2010 , Tabashnik et al. 2010 ). Nevertheless, the evolution of resistance to Bt toxins in target pests is a serious threat to the sustainability of Bt crops (Tabashnik et al. 2010 , Edgerton et al. 2012 . To counter this threat, the refuge strategy is proposed and widely adopted to postpone insect resistance to Bt crops, which is verified a success by more than a decade of global resistance monitoring data as most target pests remain susceptible to Bt crops (Shi et al. 2013) . The refuge strategy is based on the theory that plantings of non-Bt host plants near Bt crops would produce numerous susceptible individuals of the target pests, which would mate with any resistant individuals that survived on the Bt crop, lowering resistance heritability (Tabashnik et al. 2013 (Tabashnik et al. , 2014 . A fitness cost of Bt resistance occurs when, in absence of Bt toxin, individuals bearing resistance alleles have lower fitness than Btsusceptible individuals (Gould 1998 , Tabashnik and Carrière 2008 , Gassmann et al. 2009 ). And fitness cost correlated with the Bt resistance plays a crucial role in delaying the development of resistance to Bt toxin and maintaining the longterm susceptibility of certain pests to Bt crops (Head and Greenplate 2012) .
In China, Bt cotton producing Cry1Ac toxin is now grown on 3.9 million hectares, and the cultivation of Bt cotton has effectively suppressed the primary target pest, cotton bollworm Helicoverpa armigera (Hü bner, 1809) , Yang et al. 2013 , James 2014 . However, continuous monoculture of Bt crops provides a strong selective pressure for Bt-resistant insect pests. Indeed, although Bt cotton has remained effective against field population of H. armigera, high levels of resistance to Cry1Ac have been detected in several laboratory-selected strains of H. armigera , Cao et al. 2015 , and increasing frequencies of resistant individuals in the field have raised concern over the potential for resistance to Bt cotton in northern China (Zhang et al. 2011 . In order to develop effective resistance management strategies, the development and reproductive behavior of resistant H. armigera have been studied , Cao et al. 2015 .
Recent studies have found fecundity to be the trait most sensitive to resistance selection among various fitness cost components measured (Cao et al. 2015) , suggesting that ovarian development or egg maturation may be affected by the Bt toxin in resistant strains. Reproduction in insects is a dynamic process that is influenced by various endogenous physiological processes and exogenous factors (Ramaswamy et al. 1997) , and distinct phases of egg maturation are regulated by hormones such as juvenile hormone (JH), ecdysteroids (20-hydroxyecdysone, 20-HE), and neurosecretions in various species of insects (Nijhout 1994) . Vitellogenin (Vg), a female-specific protein, is crucial to egg maturation and embryonic development, and Vg synthesis in the fat body induced by JH has been widely reported (Tufail and Takeda 2008) . For instance, in Drosophila melanogaster, both JH and 20-HE appear to be involved in the synthesis of Vg (Lynn 2012) . In Aedes aegypti (L.) and Tribolium castaneum (Herbst), JH plays an important primary role in regulating Vg synthesis (Raikhel and Dhadialla 1992 , Raikhel et al. 2002 , Parthasarathy et al. 2010 ). In addition, RNA interference (RNAi) to silence target genes involved in JH synthesis results in the substantial reduction of Vg mRNA levels, blocks Vg synthesis, and suppresses ovarian development (Parthasarathy et al. 2010 , Smykal et al. 2014 . Previously, we reported a tradeoff between Cry1Ac resistance evolution and reproduction in some H. armigera strains, and the drop in reproduction responding to the resistance against Bt toxin was regulated by the Vg gene expression (Zhang et al. 2014 . However, the JH regulation involved in reproduction of H. armigera is poorly understood.
In this study, we propose that differences in fecundity in response to Bt-resistant pressure might stem from the physical structures associated with reproduction, yolk deposition in the developing eggs, and endocrine regulation. To examine this possibility, three sets of susceptible H. armigera strain from different regions along with its equivalent resistant strain were used to depict how reproductive cost changes with resistance development, clarify the impact of JH regulation on reproductive physiology, and further evaluate the role of JH in resistant-strain selection.
Materials and Methods

Insect Strains and Rearing
Six H. armigera strains were used in this experiment. According to the original geographic fields, they were divided into three series: 1) BtR and its original susceptible strain 96S,2) LF120 and its original susceptible strain LFS, and 3) XJ20 and its original susceptible strain XJS ( Table 1 ). All groups of insects were reared in the laboratory at 27 6 2 C, 75 6 10% RH, and a photoperiod of 14:10 (L:D) h. Adults were supplied with 10% sugar solution in water as food. The female and male adults were placed in cages (30 by 60 by 30 cm) for mating and oviposition.
Life History Traits of H. armigera Adults
Three pairs of newly emerged male and female from each of the six strains were kept together in a plastic cup (8 cm diameter, 10 cm high). The plastic cups were covered with one layer of 8-by 8-cm gauze and held under the laboratory conditions as above. Cotton wicks were placed in the cup to supply 10% of sugar solution, and both gauze and cotton wick were changed daily to count the number of eggs laid on them. The duration of the female preoviposition and oviposition periods were also recorded. To calculate the hatching rate, the gauze and cotton wick containing eggs were held at 27 6 2 C and 75 6 10% RH until hatched, and the number of larvae was counted. In addition, the longevity of both male and female moths was recorded. A total of 29-33 biological repeats from each strain were used to ensure the reliability and reproducibility.
Ovarian Development of H. armigera Adults
To assess the fitness cost on ovarian development in H. armigera, emerged female adults from the four different strains were sampled daily from the first day after eclosion to the ninth day, and the ovarian phenotypes were observed after dissection under an optical microscope (Olympus BX61, Tokyo, Japan), as previously described . The numbers of follicles at each developmental stage (previtellogenesis, vitellogenesis, and maturation) were recorded, the ovariole length in each ovary was measured with a micrometer, and the weight ratio (ovary wet weight/body weight) was calculated to estimate ovarian development of females from each strain. In each strain, 15 females were randomly collected each day for the observation of ovarian development.
Hormonal Regulation of H. armigera Adult Reproduction
To analyze the influence of JH on reproduction, methoprene (synthetic JH mimic, Santa Cruz Biotech, Germany) was dissolved in dimethyl sulfoxide DMSO; Sigma-Aldrich, USA) at the storage concentration of 2.5 mg/ml and then held at À20 C as well. The storage solutions of methoprene were diluted to 0.25, 0.5, and 1.25 mg/ml with phosphate-buffered saline just before injection. Then, 2 ml methoprene solution of each concentration were respectively injected into newly emerged female adults from XJS, whereas control adults were injected with the equal volumes of diluted DMSO. Three processed females were randomly paired with three untreated males (1:1) in a small cage (N ! 20), and the preoviposition and oviposition periods, developmental duration, fecundity, and hatching rate were recorded as described above. A parallel experiment was preformed to investigate the effects of methoprene on the JH level, for which samples were collected daily after methoprene treatment for JH analysis.
Determination of Juvenile Hormone Levels
Helicoverpa armigera females of different ages were collected from each of the six strains, and the samples were weighed using an analytical balance and then held at À80 C in 2-ml Pressure Equalizer tube immediately until JH extraction. Three individuals stored at À80 C were homogenized by grinding them in 0.9 ml of methanol/ isooctane (1:1, v/v), and subsequently adding 1 ml of n-hexane. The resulting suspension was treated with ultrasound (100 KHZ) for 5 min and further centrifuged (10 min, 12,000 Â g at 4 C). Next, the hexane (upper) phase was removed by pipette. Another 1 ml of nhexane was added to the tube and treated ultrasonically before centrifugation and the removal of the hexane (upper) phase. This process was repeated three times. The hexane phase was then ready to dry completely under Termovap Nitrogen Sample Concentrator (HP-5016SY). Finally, 500 ml of MeOH was added as a solvent, and the samples were stored at À80 C. Six replications (i.e., 18 individuals per day per strain) were prepared. The samples treated with methoprene were extracted individually as described above and more than 14 replicates were used for JH assay. Levels of JH II (SCItech, Czech Republic) and JH III (Sigma, USA), the predominant hormones in H. armigera adults, were measured. Five-point calibration curves, used as standards, were obtained with methanol and by spiking blank samples extracted free from the mixture of JH to cover a range, for both JH II and JH III, from 0 to 100 ng/ml. The instrumental parameters used were high performance liquid chromatography (HPLC; 1200 series, Agilent Technologies, San Jose, CA), and the system was operated using LC 3D B.04 software. Chromatographic separation was carried out at 30 C in the isocratic mode using methanol (waters; 80:20, v/v) as the mobile phase. The injection volume was 20 ml in partial loop with needle overfill. The column used was a reverse phase C18 chromatographic column (ZORBAX SB-C18, 250 nm Â 4.6 nm, Agilent Technologies) at a flow rate of 800 ml/min. A total separation of 30 min was needed.
Statistical Analysis
All statistical analyses were performed with SAS 9.20 software (SAS Institute Inc, Cary, NC). The results were presented as means 6 SE. The differences of susceptible strain and resistant strain of each combination were compared with Student's t-test. Data from the Methoprene treatment were evaluated by one-way analysis of variance (ANOVA), followed by a least significant difference test (LSD) for mean comparison.
Results
Influence of Bt-Toxin Cry1Ac Resistance on the Fitness of H. armigera Females
Three groups of H. armigera strains (the susceptible strain and the corresponding resistant strain) reared in the laboratory were used in this study (Table 1) . Previously, we found that the fecundity and egg hatching rate in resistant strain BtR were significantly lower than those in susceptible strain 96S . The phenomena were found in another two different original strains in our current study, suggesting that the effect of resistance level to Bt on reproduction was notable in all strains (Table 2 ). In resistant strain LF120, the fecundity was about 565.60 per female which was significantly reduced compared to the corresponding susceptible strain LFS with the number of 712.35 (F ¼ 25.29; df ¼ 1,41; P < 0.001). Similarly, female in XJ20 laid 592.55 eggs during the life stage, while in the XJS, it laid significantly more eggs with the number of 833.96 (F ¼ 26.46; df ¼ 1,58; P < 0.001). Furthermore, the egg-hatching rate was also significantly lower in the resistant strains. For example, the hatching rate in LF120 was 47.16%, which was significantly lower than that in LFS (F ¼ 33.12; df ¼ 1,41; P < 0.001), and in XJS, the hatching rate was 69.51%, which showed a significant advantage compared to that in XJ20 (F ¼ 32.37; df ¼ 1,58; P < 0.001).
Increased number of progeny came at the cost of a shorter life span (Table 2 ). In XJ20, the female longevity was slightly longer than that in XJS (F ¼ 6.45; df ¼ 1,58; P ¼ 0.042). In the LF group, the female longevity of resistant strain was longer than that in susceptible strain although there were no significant differences between them (F ¼ 0.028; df ¼ 1,41; P ¼ 0.88). And the decline in oviposition period came with an increased resistant level, for example, oviposition period in XJS was significantly longer than that in XJ20 (F ¼ 5.17; df ¼ 1,58; P ¼ 0.027). Similarly, in LFS, the oviposition period was 6.13 6 0.25 d, which was significantly longer than that in LF120 (F ¼ 5.67; df ¼ 1,41; P ¼ 0.022). In addition, pairs comparison showed that no significant differences were found in preoviposition duration between resistant and susceptible strains (LFS vs. LF120: F ¼ 2.73; df ¼ 1,41; P ¼ 0.106; XJS vs. XJ20: F ¼ 3.76; df ¼ 1,58; P ¼ 0.051).
Dynamics of Ovarian Development
Three parameters (number of follicles, ovariole length, and the ovarian weight ratio) had significantly higher values in the XJS colony than in the other strains on each day of the preoviposition period (the first 3 d; P < 0.001), even though there were no notable differences in the duration of the preoviposition period between these two strains ( Table 2) . Compared to XJS, the ovarian weight ratio and the total number of follicles in XJ20 were initially significantly lower for the first 6 and 5 d, respectively (Fig. 1B-I and B -II). Follicle . The numbers of pair moths used in this experiment are listed in the brackets. **P < 0.01, *P < 0.05 (t-test). was also affected by resistance to the Cry1Ac toxin, especially the mature follicle, whose development corresponded with that of the whole follicle development in each strain ( Fig. 2B-III) . Interestingly, there was no significant difference on the ovarian parameters between LFS and LF120 ( Figs. 1A and 2A ).
Effects of Bt Toxin on JH Levels During Development
The concentration of JH fluctuated significantly during the developmental stages of all strains, and peaked on the third day after eclosion (Fig. 3) . The results in our current study showed that resistant strains attained higher JH level than those in the parallel original susceptible strains, especially in the first 3 d after eclosion. For instance, in the first day after eclosion, the JH titer was 26.28 ng/mg, 29.96 ng/mg, and 33.90 ng/mg in BtR, LF120, and XJ20, respectively, which was about 1.5 times of that in the corresponding susceptible strains (96S vs. BtR: F ¼ 12.91; df ¼ 1,10; P ¼ 0.005; LFS vs. LF120: F ¼ 20.74; df ¼ 1,10; P ¼ 0.001; XJS vs. XJ20: F ¼ 10.61; df ¼ 1,10; P ¼ 0.009). In addition, on the third day, the JH titer in resistant strains was about one and half time as more as that in susceptible strains (96S vs. BtR: F ¼ 9.82; df ¼ 1,10; P ¼ 0.011; LFS vs. LF120: F ¼ 17.27; df ¼ 1,10; P ¼ 0.002; XJS vs. XJ20: F ¼ 11.05; df ¼ 1,10; P ¼ 0.008). What's more, the JH titer was significantly higher in resistant strains in the last 2 d (P < 0.05). Generally, the JH titer showed high level in resistant strains although there were different variation tendency in different groups.
Effects of Methoprene (JH Analogue) on H. armigera Reproduction
To determine how the fluctuation of JH level in vivo influences H. armigera fecundity, we compared the life histories and JH titer of XJS females injected with different concentrations of methoprene. In general, the level of JH in vivo showed an upward trend with the increasing concentration of methoprene treatment (Table 3) . However, there was no distinct connection of the oviposition period and female adult longevity with the concentration of methoprene. Furthermore, the length of preoviposition period increased after methoprene injection, indicating a delay in oviposition behavior. In addition, higher concentrations of methoprene were associated with lower fecundity, with females treated with 2.5 mg and 5.0 mg of methoprene exhibiting significantly lower fecundity than the control (P < 0.001). No significant difference was found between the lowest concentration of methoprene (0.5 mg) and the control (F ¼ 0.003; df ¼ 1,41; P ¼ 0.958), nor between the medium concentration (1.0 mg) and the control (F ¼ 2.92; df ¼ 1,44; P ¼ 0.052). Hatchability was also significantly reduced by methoprene concentrations of 2.5 mg and 5.0 mg. Collectively, fecundity and hatchability were strikingly correlated to the JH level (fecundity, P ¼ 0.013; hatchability, P ¼ 0.031), and the changes in the fecundity and hatchability followed by methoprene treatment demonstrate that fecundity was negatively correlated to the JH levels.
Discussion
The study of the fitness costs associated with insect resistance to Bt insecticidal proteins is important for understanding resistance evolution and evaluating management practices used to mitigate resistance to transgenic crops (Gassmann et al. 2009 , Tabashnik et al. 2013 . Several studies examining the relationship between fitness cost and resistance to Bt have identified fecundity as an important component linked to resistance selection , Cao et al. 2015 . In this study, we analyzed the reproductive physiology of the resistant and parallel susceptible strains, and found fecundity to be significantly reduced in resistant strain commonly, coupled with an unexpected up-regulation of JH level (Table 2; Fig. 3 ). The subsequent application of the JHA methoprene in vivo was found to postpone oviposition behavior, reduce fecundity and egg hatchability, and increase JH level (Table 3 ). These results demonstrate that JH level is positively associated with the overall fitness cost on fecundity in resistant strains and further contributes to the rapid evolution of Bt resistance.
Fitness cost, as the primary factor supporting the refuge strategy, has been studied in many species of Coleoptera, Diptera, and Lepidoptera. Among studies measuring fitness costs, costs on development time were detected in 49% of cases, on female fecundity in 46%, and on hatchability in 29% (Gassmann et al. 2009 ). Currently, we found that there were fitness costs on fecundity and hatchability in resistant strains, which agreed with other studies (Gassmann et al. 2009 , Cao et al. 2015 . In addition, with the multiple comparison analyses, we detected that the preoviposition period was not severely affected by the Bt toxin, and this similar development duration among all the strains may be ascribed to the basic physiology characteristics of H. armigera. However, the trend of lower fecundity in Bt-resistant females relative to the control happened in all three pairs of colonies and was highly significant overall. Apart from reduced fecundity and hatchability, longer adult longevity and shorter oviposition periods were detected in resistant strains compared to susceptible strains (Table 2) . This supports the hypothesis that insect life histories evolve to produce a balanced risk of development time and egg limitation (Rosenheim et al. 2008) . We also found a potential fitness cost in the longer life span of male adults from resistant colonies relative to susceptible colonies, though the observed differences may not be related to the fecundity.
Previously, we found that the ovarian length, ovarian weight ratio, and the development stage of follicles were inhibited in the resistant strain, so we concluded that the poor fecundity in resistant strain was attributed to the ovarian development affected by the Bt toxin . Studies on noctuid moths showed that JH was the primary regulator of vitellogenin expression in the fat body, the maintenance of follicle patency, the uptake of Vg, and choriogenesis (Ramaswamy et al. 1997) , so it should not be a surprise to find the diversity level of endocrine was associated with insect production. In our study, JH levels peak on the third day after emergence followed by the ovarian maturity on the fourth day ( Fig. 3) . From the results of ovarian physiology combined with JH titer, we speculated that ovarian development of H. armigera is closely associated with the JH synthesis (Fig. 3) . Interestingly, in contrast to the ovarian development and the significant reduction in fecundity, JH levels were unexpectedly up-regulated in resistant strains although the trends were not the same among the different groups (Fig. 3) . In addition, the defined role of JH in some insects is as the hormone responsible for regulating previtellogenic reproductive development, so in H. armigera, the JH level affected by Bt toxin appeared dominantly in the first 3 d when the ovary was not mature.
Previously, the mechanism of hormonal regulation in moths falls into three categories (Satyanarayana et al. 1992) , and H. armigera was belonging to category 3 that moths totally dependent on JH.
Since it is likely that JH played the dominate roles in the synthesis of vitellogenin, we formerly presumed that the resistant strain would be associated with low JH levels, but this was not the case. We, therefore, hypothesized that the mechanism by which JH caused egg reduction in the cotton bollworm in response to Bt toxin stress is complex. One explanation of the unexpected relationship between reproduction and JH level in resistant individuals was that high JH titer inhibited female fecundity. It was unclear, however, whether the JH titer in resistant strains reached or exceeded the level of inhibition. Then we examined the link between fecundity and JH titer by applying the methoprene in vivo, finding that higher concentrations (2.5 mg and 5.0 mg) reduced the fecundity and hatchability, but only a slight decrease was observed for medium and lower concentrations (Table 3) . A similar pattern was reported for the ant Lasius niger (L.), when ant queen received "low" (0.1 mg), "medium" (1 mg), or "high" (10 mg) doses of JH III; the high dose would inhibit oviposition whereas the low and medium promoted oviposition (Wyatt and Davey 1996) . In the Pharaoh ant (Hymenoptera: Formicidae), pyriproxyfen (another kind of JHA) treatment significantly reduced egg production in queen, especially in the highest 1% pyriproxyfen test where queen stopped producing eggs (Tay and Lee 2014) . Similarly, in queenless Apis mellifera workers, JH application inhibited the ovarian activation (Malka et al. 2009 ). In contrast, the treatment of previtellogenic females of the weevil Pissodes strobi with JH III induced the precocious appearance of Vg transcripts (Leal et al. 1997) , and similarly, the vitellogenin production in the moth Pseudaletia unipuncta was induced after treatments of JH or JHA (Cusson et al. 1994) . While the varied findings of these studies suggest that the effect of JH on oviposition varies among species, in our study, high levels of JHA application would inhibit the fecundity of H. armigera.
In addition to hatchability and fertility, JH regulation in adult also affects learning, migration, diapause, and innate immunity (Flatt et al. 2008 , Denlinger et al. 2012 . Change in the endocrine balance of individuals is a response to the resistance stress caused by JH fluctuation. In crickets, JH regulates the balance between flight capability and reproduction (Zera 2006) , and the application of JH or JHA in flies and beetles promotes reproductive processes at the expense of the suppressed stress-resistance or immune function (Rantala et al. 2003) . Similarly, the noctuid moth Sesamia nonagrioides (Lefebvre) fed on Bt protein had higher levels of JH, and it was concluded that this effect of the Bt protein was the cause of the extended larval developmental time (Pérez-Hedo et al. 2011) . In addition, after feeding for one day on the Bt diet, the larvae of H. armigera showed a slight increase of JH in the hemolymph (Muñoz et al. 2014) . The higher JH level could also be due to stress produced by the reduced feeding of larvae on Bt diets (Rao and Rao 2008) . In our study, the resistant strains have been exposed to the Bt toxin for many generations (Table 1) during the larval period, therefore the higher JH levels in resistant individuals of adult stage may be a response to the stress caused by Bt toxin, and this in turn affects the longevity and reproduction. Because JH influences vitellogenin biosynthesis and uptake in most insects, changes to the levels of the hormone could influence the rate at which eggs are produced (Raikhel et al. 2005 ). In addition, it is reported that when the male-derived JH is transferred to females in insects, it can cause organizational shifts that influence oogenesis, sexual receptivity, and oviposition rate Ramaswamy 1998, Pszczolkowski et al. 2006) . It was found that the percentage of mating in susceptible strains was higher than that in Cry1Ac-resistant strains , and whether the differences of mating behavior act on the JH production between susceptible and resistant strains remains to be determined.
In conclusion, the evolution of resistance responded to Bt toxin including a variety factors, such as fitness cost, population dynamics, pest management practices, life-history traits, behavior, and initial frequency of resistance alleles (Gassmann et al. 2009; Tabashnik et al. 2013 Tabashnik et al. , 2014 . We found that the reduced fecundity in resistant strain could be due to elevated JH, although the mechanism by which JH caused egg reduction in H. armigera in response to Bt toxin stress is not known. As the mechanisms involved in Bt resistance are better understood, this may provide important insights in how best to delay the development of Bt resistance. In China, the commercially planted Bt cotton is the first-generation Bt cotton producing single toxin (Cry1Ac), and the simplicity of this system accelerates the evolution of resistance (Zhang et al. 2011 , Tabashnik et al. 2012 , so integration of Bt cotton with other control tactics is urgently needed (Carrière et al. 2015) . Juvenile hormone undertook the predominant roles in the regulation of metamorphosis and reproduction (Lynn 2012 ); herein we reported its negative role in reproduction (Fig. 1) . Therefore, the application of biopesticide regulating molting or metamorphosis would provide an alternative means to postpone field resistant evolution. Alternatively, transgenic plant-mediating RNAi affecting JH may be a powerful tool for the control of certain pests. Transgenic tobacco expressing HaHR3 (a molt-regulating transcription factor gene of H. armigera) dsRNA led to developmental deformity and larval lethality, and feeding H. armigera larvae with plant material expressing dsRNA specific to the 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) gene reduced the pupal weight (Xiong et al. 2013 , Tian et al. 2015 . Given the mentioned, integration of Bt insecticidal proteins with JH-dependent regulation is a promising management tool. Fig. 3 . JH titer (means 6 SE) in XX series (A), LF series (B), and XJ series (C) of H. armigera adults on different days after eclosion. ** for P < 0.01, * for P < 0.05, ns: no significant differences.
